In this work, a detailed high resolution X-ray photoelectron spectroscopy (XPS) analysis is presented for select MXenes-a recently discovered family of two-dimensional (2D) carbides and carbonitrides. Given their 2D nature, understanding their surface chemistry is paramount. Herein we identify and quantify the surface groups present before, and after, sputter-cleaning as well as freshly prepared vs. aged multilayered cold pressed discs. The nominal compositions of the MXenes studied here are Ti 3 C 2 T x , Ti 2 CT x , Ti 3 CNT x , Nb 2 CT x and Nb 4 C 3 T x , where T represents surface groups that this work attempts to quantify. In all the cases, the presence of three surface terminations, O, OH and F, in addition to OH-terminations relatively strongly bonded to H 2 O molecules, was confirmed. From XPS peak fits, it was possible to establish the average sum of the negative charges of the terminations for the aforementioned MXenes. Based on this work, it is now possible to quantify the nature of the surface terminations. This information can, in turn, be used to better design and tailor these novel 2D materials for various applications.
Introduction
Two-dimensional (2D) materials have become a major focus of the scientific community due to an unprecedented combination of properties and behaviors that result from their reduced dimensionality. For example, single-layer graphene -the most explored 2D material -was shown to have high conductivity at room temperature, while transmitting 97.7% of visible light [1] [2] [3] . In addition to graphene, other 2D materials have been reported, such as hexagonal boron nitride (BN) [4] , transition metal dichalcogenides (TMD) [5] , such as MoS 2 [6, 7] , and metal oxides and hydroxides [8] . Most 2D solids are typically strongly bonded within the atomic sheets that, in turn, are held together in stacks by weak inter-layer forces. As may be expected, the latter allow for the intercalation of molecules between the layers, as well as, the delamination, or separation of the layers into individual flakes [9] .
By definition, both stacked 2D layers and individual 2D flakes are almost entirely comprised of surface. As such, their surface chemistries have a critical influence on their properties and characteristics. For example, hydrophobic graphene can be rendered hydrophilic by oxidizing it to form graphene oxide [10] . The determination of the surface chemistry is therefore an integral component in the characterization and understanding of 2D materials [11] [12] [13] [14] [15] [16] .
In 2011, a large new family of 2D materials -layered transition metal carbides and carbonitrides, we labeled MXeneswas discovered [17] . These materials are produced from layered ternary carbides and nitrides known as the M n+1 AX n , or MAX, phases [18] , which, in turn, are a large (70+) group of layered hexagonal compounds, where M is an early transition metal, A is an A-group element (mostly groups 13 and 14) , X is C or/and N and n is 1 to 3. To form the corresponding MXene, the A-layers are selectively etched using hydrofluoric acid, HF, or fluoride salts and inorganic acids, such as hydrochloric acid, HCl [19] . When the Al-layers are etched, they are replaced by surface terminations, such as O, OH, and F [20] [21] [22] , resulting in weakly bound stacks of 2D sheets with a M n+1 X n T x composition [23] , where T x stands for surface termination [20] [21] [22] . To date, the following MXenes have been reported: Ti 3 C 2 T x , Ti 2 CT x , Nb 2 CT x , V 2 CT x , (Ti 0.5 ,Nb 0.5 ) 2 CT x , (V 0.5 ,Cr 0.5 ) 3 C 2 T x , Ti 3 CNT x , Ta 4 C 3 T x , Nb 4 C 3 T x , Mo 2 TiC 2 T x , and Mo 2 Ti 2 C 3 T x [17, 20, 21, 24, 25] . Studies on these materials have included their possible use in energy storage systems, such as lithium ion batteries [21, [26] [27] [28] , lithium ion capacitors [29] , aqueous pseudocapacitors [19, 30] , and transparent conductive films [22] . We have also shown that it is possible to intercalate various small organic molecules between the layers [27] . Very recently, we also demonstrated that Ti 3 C 2 T x not only adsorbed select organic molecules, but could also lead to their photocatalytic decomposition in aqueous environment [31] . The same compound also can be used for various applications from removing Pb from water to supporting catalysts [32, 33] . The Ti 3 C 2 T x produced using a mixture of LiF and HCl has clay-like properties, and swelled in volume when hydrated. When used as an electrode in a supercapacitor, volumetric capacitance of the order of 900 F/cm 3 was measured for this material, while a volumetric capacitance of about 530 F/cm 3 was measured when the material was used in flexible nanocomposite polymer films [19, 34] . Furthermore, exfoliated MXene particles were shown to delaminate and form a suspension in water after intercalation with several compounds, such as tetrabutylammonium hydroxide and isopropylamine [35, 36] . Common to all of these applications is a need for proper detection and understanding of the functional surface groups present, as they in many cases, largely determine performance.
Given the crucial and vital importance of surface chemistry on MXene properties and applications, it is somewhat surprising that, to date, these surfaces have not been systematically characterized. This paper is a first serious attempt to do so. Herein, we carefully study the surface chemistries of five different MXenes by XPS; the ultimate goal being the building a library of data that can be used to further understand these intriguing materials. XPS is an excellent tool for such studies since it can be used to determine the surface chemical compositions and the chemical states of the various species. By their very nature, nonoxide 2D materials, such as silicene, germanene, phosphorene [37] , and transition metal dichalcogenides [38] , are prone to oxidation. The same is true for MXenes such as Ti 3 C 2 T x and Ti 2 CT x [39] [40] [41] [42] . It follows that an important aim of this work was to probe the oxidation products of the various MXene chemistries. To that effect, we used XPS to examine all the Ti-containing MXenes both directly after synthesis, and after samples were stored in air, for about 12 months. We henceforth refer to the fresh MXene samples as "as-prepared," or "ap-Ti 3 C 2 T x ," for example. We refer to the stored samples as "aged," or "ag-Ti 3 C 2 T x ," for example.
A comparison of the XPS spectra of as-prepared MXene samples and those stored in air, provides valuable information concerning their propensity to oxidation. The results presented herein show that, despite being stored in air for 12 months, flakes of the Ti-based compositions, did not appear -aside from a shallow (∼10 to 50 nm) oxidized outer layer -to be unduly oxidized. The pressed Nb 2 CT x and Nb 4 C 3 T x discs were also analyzed both directly after synthesis, and after storing in air. In this case, the samples were stored for about a month before making the measurements. Given the different aging times, between the Ti-and Nb-containing materials we cannot draw any conclusions as to which is more susceptible to oxidation. The information obtained, however is still valuable since information on changes in oxidation species is obtained nonetheless.
In previous work, the surfaces of Ti 3 C 2 T x , Nb 2 CT x and V 2 CT x were analyzed by XPS [17, 21] in order to better understand the role of surface terminations and intercalants on energy storage systems [27] , dye adsorption [31] , and transparent conductive thin films [22] . In this work, we report on more systematic measurements on Ti 3 C 2 T x and Nb 2 CT x , and extend them to Ti 2 CT x , Ti 3 CNT x and Nb 4 C 3 T x .
Materials and methods
Sample synthesis details can be found in the Supplementary materials Section S1 along with other information on experimental details and additional data.
X-ray photoelectron spectroscopy analysis
XPS was performed using a surface analysis system (Kratos AXIS Ultra DLD , Manchester, U.K.) using monochromatic Al-K ␣ (1486.6 eV) radiation for all the aged samples. The details of XPS measurements for as-prepared samples are shown in the Supplementary materials (See Section S4 for details). The cold-pressed samples were mounted on double-sided tape and grounded to the sample stage with copper contacts. The X-ray beam irradiated the surface of the samples at an angle of 45 • , with respect to the surface and provided an X-ray spot size of 300 × 800 m. The electron energy analyzer accepted the photoelectrons perpendicular to the sample surface with an acceptance angle of ±15 • . Charge neutralization was performed using a co-axial, low energy (∼0.1 eV) electron flood source to avoid shifts in the recorded binding energy, BE. XPS spectra were recorded for F 1s, O 1s, C 1s, Al 2p, Ti 2p, and Nb 3d, as well as N 1s for the Ti 3 CNT x composition. The analyzer pass energy used for all of the regions was 20 eV with a step size of 0.1 eV, giving an overall energy resolution better than 0.5 eV. The BE scale of all XPS spectra was referenced to the Fermi-edge (E F ), which was set to a BE of zero eV. Normalization of all spectra was performed at the background on the low-BE side of the main peak/peaks.
The quantification, using the obtained core-level intensities, was carried out using CasaXPS Version 2.3.16 RP 1.6. Peak fitting of corelevel spectra was performed using IGOR Pro, Version 6.22A. Prior to peak fitting, the background contributions were subtracted using a Shirley function. For all 2p 3/2 and 2p 1/2 components and 3d 5/2 and 3d 3/2 components, the intensity ratios of the peaks were constrained to be 2:1 and 3:2, respectively. A detailed description of the curve fitting process can be found in Supplementary materials, Section S4, including information regarding the choice of lineshapes and constraints used to quantify the spectra.
The first step in this study was to establish the chemical nature of these compounds before, and after, Ar + sputtering for 600 s using a 4 keV Ar + beam raster of 2 × 2 mm 2 over the probed area. Since all samples were in the form of compressed powder discs, comprised of 2D-flakes with high surface areas and varied contours, they presented a challenge. However, obtaining spectra before sputtercleaning allowed for the characterization of the outermost layers of these pressed discs. By their very nature, the un-sputtered surfaces inherently contain a much larger amount of contamination, from ambient atmosphere and/or as a result of processing. Nevertheless, such an analysis is crucial for applications that are sensitive to the identity of species in the outermost layers, such as photocatalysis. As noted above they also shed critically important light on the stability of these compounds vis-à-vis oxidation. We also note in passing that the long time between processing and analysis was in part to understand the stability of the MXene flakes to long-term oxidation.
As will become evident shortly, these systems are non-trivial to characterize, since a relatively large number of surface terminations exist. To render the discussion more transparent, henceforth, each type of termination will be depicted by Roman numerals, as shown in Fig. 1 and Table 1. In Fig. 1 , oxygen atoms are colored red, fluorine blue, hydrogen white and the M atoms -Ti and Nb -yellow. Table 1 summarizes the moieties assumed in the MXenes and their peak positions. When taken from the literature, the references are cited.
In reference to Fig. 1 , the following is how they are defined: (i) Moiety I (labeled I in Fig. 1 The M atoms that are bonded to C atoms alone -e.g. those in the central layers of the n > 1 MXene flakes -will be referred to by an asterisk, or M*. In the Ti case, we could not differentiate between moiety I and Ti * atoms and thus both are labeled I. In the Nb 4 C 3 T x case, there was a clear distinction between the Nb * atoms and moiety I. However, one complication with the Nb-containing MXenes is Ar beam damage. A peak -possibly emanating from a Nb atom bonded to one less C-atom than its neighbors -will henceforth be referred to as Nb ‡ . A peak arising from a C atom bonded to Nb ‡ and next to a vacant C site will henceforth be referred to as Nb C v . The fraction of the latter species after sputtering was <10%.
To recapitulate, for the Ti flakes, the following moieties were assumed to exist: I, II, III and IV. For the Nb compositions, moieties I, II, III, IV, Nb*, Nb V and Nb ‡ (after sputtering only) were invoked. Table 1 lists the energies associated with each termination. In addition a number of peaks associated with TiO 2 and Nb 2 O 5 , as separate species due to oxidation were also identified. We also identified M atoms that are bonded to O atoms alone -i.e. in oxide form -that are, in turn, bonded to a F-atom, i.e. TiO 2−x F x or NbO 1−x F x , as separate oxyfluoride species. It is with this in mind that we stress that the sheer chemical complexity (from internal moieties, adventitious organic species to oxidation products) of MXene systems can cause ambiguity within spectra. The existence of so many chemical species necessitates the inclusion of a large number of fitting components in XPS analysis in order to account for their presence. Having established these fitting schemes as a robust system has advantages, however, since as shown here it allows us to track any shifts in surface terminations, such as oxidation, with time.
Results
At the outset, it is important to note that some binary carbide impurity phases were present in the initial MAX phase powders. Based on XRD patterns of the parent MAX phases (not shown) we estimate that 15 mol% TiC impurity phase was present in Ti 2 AlC; 15 mol% of TiC y N z in Ti 3 AlCN; 20 mol% of Nb 4 AlC 3 in Nb 2 AlC and 5 mol% of NbC in Nb 4 AlC 3 . In all results reported herein, the presence of these binary carbides were accounted for, and subtracted from the chemical compositions -more details are found in Supplementary materials Section S3.
Since the most important contribution of this work is assigning -in a comprehensive and consistent manner -the various energy peaks to different moieties, in this section we focus on the component peak-fitting (deconvolution) of XPS spectra for the preand post-sputter cleaned ap-Ti 3 C 2 T x and the sputter-cleaned agNb 4 C 3 T x as being representative of the chemical species present in all MXenes studied herein. The XPS spectra and peak-fits for the other MXenes can be found in supplementary material (see Section S5). In addition, we measured the XPS spectra of all parent MAX phases after sputtering (see Supplementary material Section S6 and Figs. S12-S16). Tables 2 and 3 for the pre-and post-sputtered ap-Ti 3 C 2 T x samples, respectively.
Ti 2p region
The Ti 2p region for the pre-sputtered ap-Ti 3 C 2 T x sample ( Fig. 2a) , was fit by the components listed in column 5 in Table 2 . The majority of the species are Ti atoms (Ti, Ti 2+ , Ti 3+ ), that belong to moieties I, II, and/or IV and Ti 3 C 2 F x , viz. moiety III. These comprise 93% of the photoemission in the Ti 2p region. The same region, for the sputtered ap-Ti 3 C 2 T x sample (Fig. 2e, Table 2 ), was fit by the same moities (I, II, and/or IV, and III). In this case, they comprise 98% of the photoemission in the Ti 2p region. It is worth noting that similar oxidation states for Ti reported here, viz. Ti 2+ and Ti 3+ , were reported for TiC [48] .
For the pre-sputtered ag-Ti 3 C 2 T x sample (see Fig. S2 , Table S3 ), the moieties I, II, or IV, and III comprise 77% of the Ti 2p region photoemission. After sputtering they comprise 83% (see Fig. S3 , Table  S4 ). In other words, for the pre-sputtered ag-Ti 3 C 2 T x sample, almost a quarter of the Ti 2p region belongs to TiO 2 and TiO 2−x F x . This percentage decreases slightly after sputtering. Tables 2 and 3 for the pre and post-sputtering samples, respectively.
Note that the BE of the Ti 2p 3/2 peaks in the ap-Ti 3 C 2 T x sample decreases slightly, from 455.0 eV to 454.8 eV, upon sputtering. This decrease might be due to the introduction of defects and/or incorporated Ar ions due to sputtering, which is a commonly observed for transition metal carbides [49] . For the ag-Ti 3 C 2 T x sample, the BE decreases from 455.2 eV to 454.9 eV upon sputtering. Note that the pre-sputtered BE of this peak increased by 0.2 eV after aging the sample, indicative of the removal of electron density as the sample oxidized.
In general, the BEs for the Ti peaks of the Ti 3 C 2 T x samples (≈455 eV), are higher than the 454.6 eV value in the parent MAX phase, Ti 3 AlC 2 ( Fig. S13a) [50] . This shift is due to the replacement of the Al layers by more electronegative surface terminations such as O, OH and F.
C 1s region
The C 1s region (Fig. 2b) of the pre-sputtered ap-Ti 3 C 2 T x sample was fit by three peaks. The largest (≈54% of the C 1s region), at a BE of 282.0 eV, corresponds to C Ti T x (moieties I, II, III, and/or IV). After sputtering, the BEs do not change (compare Fig. 2b and  f) , but the fraction of this peak, however, increases from 54% to 85% after sputtering. Its energy is slightly higher than that of C in Ti 3 AlC 2 (281.5-281.8 eV) [50] (see also Fig. S13b ). This can possibly be attributed to defects introduced in the Ti C layers due to the etching procedure.
The other two peaks correspond to graphitic C C and CH x or C O (Fig. 2b and f and Tables 2 and 3 ). The former could be due to selective dissolution of Ti during etching, which can result in graphitic C C formation [51] . The CH x , and C O species, on the other hand, likely result from the solvents used in the separation and drying processes and/or the exposure of the high-surface area material to the ambient atmosphere. Note that the percentages of C C, CH x and C O decrease to about 15% of the photoemission in the C 1s region for the ap-Ti 3 C 2 T x sample after sputtering. Not surprisingly, the concentration of these species (69%) in the agTi 3 C 2 T x sample before sputtering is the highest. That value drops to 13% after sputtering (see Supplementary materials Section S5.2),
O 1s region
The O 1s region for the pre-sputtered ap-Ti 3 C 2 T x sample (Fig. 2c) , was fit by components corresponding to C Ti O x (moiety I), C Ti (OH) x (moiety II), and H 2 O ads (moiety IV), which are the majority fractions (53%) of that region. The balance is in the form of Table 2 ). After sputtering, the total fraction of the latter is reduced to 29%. Sputtering does not affect any of the BEs of the oxygen species in the ap-Ti 3 C 2 T x sample.
The O 1s region for the pre-sputtered ag-Ti 3 C 2 T x sample (Fig.  S2c) was fit by the same components as above. However, in this case the content of TiO 2 , TiO 2−x F x and Al 2 O 3 is 31%. (Column 4 in Table S3 ). A large contribution to this region is from organic contamination, which overlaps with, and obscures, many other peaks. After sputtering, the total fraction of these oxides increases slightly to 34%, largely because of the removal of organic contamination. Sputtering does not affect any of the BEs of the oxygen species in the ap-Ti 3 C 2 T x sample.
The BEs of moiety I in the ap-Ti 3 C 2 T x and ag-Ti 3 C 2 T x samples, before and after sputtering, ranged from 531 to 531.3 eV. These values are close to those of an O atom near to a vacant site in TiO 2 , i.e. a defective TiO 2 (531.5 eV) [43] . The peak for moiety II is located at BEs ranging from 531.7 to 532 eV, which is quite close to that of OH groups at bridging sites on TiO 2 [43] . The binding energy for moiety II shifts to a lower BEs upon aging and/or sputtering, which indicates that the local environment of such species is changed upon aging and/or sputtering As discussed above, the H 2 O ads component (moiety IV) reflects the aqueous nature of the production of MXenes. The BE of its peak, for the pre-and post-sputtered ap-Ti 3 C 2 T x -at 533.8 and 533.7 eV, respectively -are quite close to each other and to that of water adsorbed on titania (533.5 eV) [43] . This BE is higher than that for the same component in the ag-Ti 3 C 2 T x sample pre-and postsputtering, which are at 533.2 and 533.3 eV, respectively, (see Figs.  S2c and S3c and Tables S3 and S4 ). This species has been observed for Ti 3 C 2 T x , as well as other MXenes such as Nb 2 CT x and V 2 CT x [22, 52] . The Al(OF) x species, present in ap-Ti 3 C 2 T x after sputtering, and ag-Ti 3 C 2 T x before, and after, sputtering is present as a by-product of the synthesis procedure. The presence of Al(OF) x after sputtering in ap-Ti 3 C 2 T x probably reflects inhomogeneities in the etched powders and/or less than perfect washing.
No useful quantitative information -as opposed to BEs -could be obtained from the O XPS spectra of the aged samples before sputtering because the fitted peaks in the 531 eV to 534 eV BE range overlaped with those of other organic compounds [53] whose concentration is non-trivial.
F 1s region
The major component in the F 1s region (Fig. 2d) prior to sputtering for the ap-Ti 3 C 2 T x sample was C Ti F x (i.e. moiety III in Fig. 1 ) at a BE of 685.0 eV. This BE is 0.1 eV higher than that of TiF 4 [54] , a similar compound that should have a value close to that of the Ti F bond in Ti 3 C 2 F x . After sputtering, the BE increases to 685.2 eV (Fig. 2h, and Table 3 ).
Before sputtering of the ag-Ti 3 C 2 T x sample, the BE of moiety III drops 0.2 eV (Fig. S2d and Table S3 ). After sputtering, the BE of this moiety, is identical to that of the ap-Ti 3 C 2 T x (Fig. 2d and Table 2 ). All samples contained small fractions of TiO 2−x F x , AlF x and Al(OF) x (Tables 2 and 3, Tables S3 and S4 ). The latter two are present as byproducts of the synthesis procedure, and their presence was confirmed by high-resolution XPS spectra in the Al 2p region (Fig.  S2e) . Fig. 3; Table 4 ) Fig. 3a-d plot the post-sputtered spectra for Nb, C, O and F, respectively, in the ag-Nb 4 C 3 T x sample, together with their peak fits. The results are summarized in Table 4 .
ag-Nb 4 C 3 T x (

Nb 3d region
The XPS spectra of this region (Fig. 3a) were fit by the corresponding components listed in column 5 in Table 4 : Nb ‡ , Nb * , Nb (moieties I, II, and/or IV), and C Nb F x (moiety III). These species comprised 86% of the photoemission in the region, while the rest is assigned to the various oxides, NbO, NbO 2 , NbO 1−x F x and Nb 2 O 5 and a nearly negligible unidentified component at a BE of 209.2 eV (only 1% of photoemission), which could be due to the effect of Ar sputtering.
The peak assigned to moieties I, II and/or IV has a BE of 203.8 eV, which is 0.4 eV lower than to its counterpart in Nb 4 AlC 3 ( Fig. S17a) and is 0.1 eV lower than of its counterpart in NbC [46, 47] . Since this species corresponds to the two outer Nb layers, this decrease in BE is, again, due to the replacement of the Al layers by more electronegative surface terminations [46] . Conversely, the peak attributed to the two inner metal atom layers (Nb * ) has a BE of 203.5 eV, which is 0.2 eV lower than that of its NbC counterpart (203.7 eV). This somewhat unexpected result suggests that the inner Nb atoms in Table 4 . Table 4 XPS peak fitting of results -shown in Fig. 3 -for ag-Nb4C3Tx after sputtering. The numbers in brackets in column 2 are peak locations of Nb 3d 3/2 ; their full-widths at half maximum, FWHM, are listed in column 3 in brackets. Nb 4 C 3 T x take on additional electron density as compared to those in NbC. Both inner and outer Nb species exist before sputtering (Supplementary materials Section S5.4, Fig. S5 and Table S7 ). However, after sputtering a peak appears at a lower BE (203.1 eV), that was not present before. This peak can thus be attributed to sputter damage of Nb and/or Nb * .
C 1s region
The C 1s region (Fig. 3b) was fit by components corresponding to Nb C v , C Nb T x (I, II, or IV) and small fractions for graphitic C C and CH x . The peak corresponding to Nb C (I, II, III and/or IV) has a BE of 282.8 eV, which is slightly higher than that of Nb 4 AlC 3 (282.7 eV) (Fig. S16b) and NbC (281.8 eV) [61] . A peak at a lower BE (282.3 eV) is also present before, and after, sputtering, which can be attributed to a C near a vacancy, or defect, site (Nb C v ).
O 1s region
The spectra in this region (Fig. 3c) were fit by components corresponding to C Nb O x (moiety I, 531.0 eV), C Nb (OH) x (moiety II, 531.6 eV) and H 2 O ads (moiety IV, 533.3 eV). These species comprise 68% of the O 1s region photoemission ( Table 5 ). Note that the H 2 O ads peak position is located quite close to the same species discussed above for Ti 3 C 2 T x , lending credence to its assignment. The remainder of the photoemission is fit by components corresponding to oxides of Nb 2 O 5 (530.5 eV), Al 2 O 3 (532.4 eV) and oxyfluorides of Al(OF) x (534.7 eV) [59, 60, [62] [63] [64] . These species are a result of surface oxidation and/or are by-products of the synthesis.
F 1s region
The spectra in this region (Fig. 3d) were fit by a peak corresponding to C Nb F x (moiety III) that comprised 75% of the photoemission for the region. The other 25% of photoemission was fit by components for NbO 1−x F x and AlF x ( Table 4 ). The peak assigned to moiety III sits at a BE of 685.3 eV, which is slightly higher than the F 1s peak value for NbF 5 [45] . The peak for NbO 1−x F x is at 684.0 eV. The presence of AlF x is confirmed by the appearance of a peak for this species in the Al 2p region (Fig. S6) . Fig. 4 plots the post-sputtered moles of the various T x species (as derived from the fits of the non-metal spectral regions) per MXene formula unit (as derived from the fits of the metal spectral regions) for all samples examined herein. These same results, including the C-content, are also presented in Table 5 as chemical formulas. A perusal of these results shows that: Table 5 Summary of results obtained in this work. Entries labeled ' ‡' were determined from spectra before sputtering. The net negative charges on the terminations -assuming the charges of the oxygen atoms are −2, those on F and OH, −1 -are shown in brackets below the formulas.
Distributions of terminations
M2XTx
M3X2Tx (a) Before sputtering, most of the OH-terminations have adsorbed H 2 O associated with them, i.e. moiety IV (yellow in Fig. 4 ) is prevalent. Sputtering and aging increase moiety II (gray in Fig. 4 ) at the expense of moiety IV. (b) The fraction of F-terminations -moiety III (red in Fig. 4) -is highest for the un-sputtered, freshly prepared samples. Sputtering and aging combined with sputtering increase moieties II and IV (hatched regions in Fig. 4 ) at the expense of moiety III. Note that the gray and blue colored cross-hatched regions in Fig. 4 represent OH-terminations. (c) The fraction of moiety I (blue in Fig. 4) for the as-prepared, unsputtered Ti-containing MXenes is about 0.3. Sputtering and aging combined with sputtering increase that fraction significantly. For example, in the Ti 3 C 2 T x case, moiety I is doubled after sputtering. As noted above, aging and sputtering increase the OH-terminations at the expense of the F-terminations. A fraction of these OH-terminations are, in turn, strongly bonded to H 2 O water molecules (blue hatched regions in Fig. 4 ). About 22 to 33 mole % of the Ti atoms are terminated with oxygen atoms (blue) and ≈17 mol% are F-terminated (red). (d) Replacing 50% of the C atoms by N atoms, led to a decrease in moiety I, a slight decrease in moiety III and a concomitant increase in OH-terminations (compare ag-Ti 3 C 2 T x and ag-Ti 3 CNT x in Fig. 4) . (e) For the un-sputtered, fresh, Nb-based MXenes, the major effect of increasing n, is the presence of a significantly higher fraction of the hydroxyl terminations (Table 5 ). For the Ti-based MXenes, increasing n, results in an increase in moiety I, while the combined total of moieties II and IV remains approximately the same. (f) For the un-sputtered, ap-Nb 4 C 3 T x composition, the total number of moles for all terminations exceeds the maximum possible value of 2 (see Fig. 1b ) -assuming one termination per surface M atom -by 0.6 mol [67] . The reason for this surface state is unclear, but it is possible that some of the terminating atoms end up occupying C-vacant sites. In this MXene, the fraction of O (blue region in Fig. 4 ), F (orange region in Fig. 4 ) and OH-terminations (hatched regions in Fig. 4 ) are roughly equal. (g) The fraction of oxygen terminations (moiety I) is highest in Nb 2 CT x (blue regions in Fig. 4 ). Those in Nb 4 C 3 T x are comparable to their Ti counterparts (compare blue regions in Fig. 4) . Interestingly, a majority of the OH-terminations in Nb 2 CT x have strongly bonded water molecules attached to them. (h) With the notable exceptions of ap-Ti 3 C 2 T x and ag-Nb 4 C 3 T x , the fraction of F-terminations (orange regions in Fig. 4 ) is significantly lower than their O or OH counterparts. (i) With the exception of the Ti 2 CT x -based MXene, the general effect of sputtering is to decrease the X content below the value measured for the un-sputtered samples of the same composition. For example, the sputtered ap-Ti 3 C 2 T x and apTi 3 CNT x sample are 10% deficient in X; and the sputtered ap-Nb 4 C 3 T x composition the C content drops from 2.6 to 2.4 after sputtering. As described below in Section 4, this most probably is due to Ar + ion beam damage, which selectively sputters C and N atoms from the lattice. (j) Finally, aging seems to reverse the aforementioned trend. In all cases, the X-deficiency after aging and sputtering is less than directly after sputtering of the fresh samples. Table 6 summarizes the global chemistries (including nonMXene species) as deduced from the XPS spectra, before and after sputtering. The most notable trend seen in these results is the reduction -by ≈50% in some cases -of the C signal and the subsequent increase in the M-signal upon sputtering. For example, for the ag-Ti 3 C 2 T x sample, the Ti percentage increased from about 17 at.% before sputtering to 28 at.% after sputtering; concomitantly, the C percentage decreased from 33 to 16 at.%.
Global chemistries and effect of sputtering
Spectra collected before sputtering for the fresh MXenes in this study show that the M:X ratio is the same as the theoretical ratio for all MXenes except Ti 2 CT x , which has a M:X ratio of 2:0.9 (10% deficiency in X). This deficiency might be due to preferential HFetching of the X element. After sputtering of fresh MXene samples, an increase in the M:X ratio is observed for all MXenes (except Ti 2 CT x ) which is due to Ar + ion beam damage, selectively sputtering C atoms from the lattice. After sputtering, the aged MXenes in this study exhibit a further increase in the M:X ratio, compared to the fresh sputtered samples. For example, ag-Ti 2 CT x has a M:X ratio of 2:0.8 (20% deficiency in X), ag-Ti 3 CNT x has a M:X ratio of 3:1.2 (40% deficiency in X), and ag-Nb 4 C 3 T x has a M:X ratio of 4:2.3 (40% deficiency in X). This change in ratio may be attributable to a replacement of some of the C atoms in the MXenes sheets by O during oxidation.
To further explore the effect of sputtering, the moles of C and moles -per formula unit -of moieties I, II, III and IV in ap-Ti 3 C 2 T x , before and after Ar + sputtering are plotted in Fig. 5 . From these results it is obvious that the F-content is also reduced, with a concomitant increase in moiety I. There is also a decrease in the moles of H 2 O strongly adsorbed to the surface, i.e. moiety IV, (see Fig. 5 ). The same tendency can also be gleaned from comparing the derived formulae before [Ti 3 C 2 O 0.3 (OH) 0.32 F 1.2 ] and after [Ti 3 C 1.8 O 0.6 (OH) 0.4 F 0.8 ] sputtering. It is thus obvious that the reduction in moiety III is accompanied with an increase in moiety I. Said otherwise, neither the C-atoms in ap-Ti 3 C 2 T x nor the F-terminations -i.e. moiety III -are immune to the sputtering procedure used in this work. The same analysis of other compositions is not possible, due to organic (ambient) contamination obscuring Table 6 Summary of global atomic percentages -including non-MXene entities -before and after sputtering.
ap-Ti3C2Tx (before)relevant peaks, however a similar trend would be expected. Whether the entirety of the increase in M:F is due to preferential F sputtering, or has some contribution from a decreased concentration of F on the interior of the MXenes is unclear. Regardless, the C-and F-contents of sputtered samples reported herein most probably underestimate their true values.
The effects of sputtering on the fraction of the various oxides present in the various MXenes are plotted in Figs. S18 and S19. From these results it is clear that sputtering decreases the total fraction of Ti oxides and oxyflourides in the Ti-containing compositions (Fig. S18 ) and the Nb oxides and oxyflourides in the Nb-containing compositions (Fig. S19) . Some MXenes appear to be more prone to oxidation than others. For example, sputter cleaning ag-Ti 3 CNT x decreased the fraction of oxides from 88.3% to about 50.2%, compared to fractions of 48.3% and 34.6% for the ag-Ti 3 C 2 T x sample. No clear correlation was found between oxidation susceptibility and n or M. Fig. S20a and b plot the atomic percentages of the various C species in the ap-and ag-Ti 3 C 2 T x samples before, and after, sputtering, respectively. From these results it is clear that the atomic percentages of the C-species associated with the ap-Ti 3 C 2 T x MXene structure, increase from ∼54 at.% before, to ∼85 at.% after sputtering (Tables 2 and 3 , Fig. S20a ). In the case of the aged sample, the respective values are ∼31 at.% to ∼87 at.% (Tables S3 and S4 , Fig. S20b ). We note that the presence of a thin adventitious C film on the outermost surfaces of our pressed discs that were stored in air for a relatively long time is not too surprising. This is all confirmed by the fact that the fraction of adventitious C and hydrocarbons for the apTi 3 C 2 T x sample before sputtering was only 10%; after sputtering it was <1%. For all other MXenes the adventitious C and hydrocarbons concentrations were <2% after sputtering.
The effects of aging on the samples are demonstrated in Tables 5 and 6 . It can be seen in Table 5 that upon aging, the amount of F terminations are reduced for all of the MXenes, except Nb 4 C 3 T x , which stays the same. Concomitantly, the amount of OH terminations are increased for all of the MXenes during aging. When viewed from a stoichiometric perspective, the M:O ratio (with the O content derived from the sum of moieties I, II and IV) decreases for all of the MXenes as they age (Table 5 ). For example, the M:O ratio for ap-Ti 3 C 2 T x is 3:1, while the M:O ratio for ag-Ti 3 C 2 T x is 3:1.5. These data indicate that as MXenes age, the surface chemistry changes as F groups are predominately replaced with OH groups. Note also, that the total number of moles for the various terminations gradually increases over time, indicating that oxidation of the MXenes begins as surface functionalization. As more evidence for this trend, the global (including non-MXene species) M:O ratio also decreases from 3:1.6 for apTi 3 C 2 T x to 3:2.8 for ag-Ti 3 C 2 T x ( Table 6 ). The change in the global M:O ratio for these samples indicates the uptake of oxygen over time as oxides are formed. Similar trends occur for all of the MXenes, though again, some seem to be more prone to oxidation than others. For example, the global M:O ratio for ap-Ti 2 CT x is 3:2.1 while the ratio for ag-Ti 2 CT x is 1:1.05. The fact that these trends are seen for all MXenes, however, clearly indicates the surface chemistry and global changes due to aging are processes that are ubiquitous.
Combined with the observation that sputtering decreases the amount of oxides, the oxygen and carbon data help to illustrate the overall framework of the aged MXene samples, wherein the MXene sits at the center of the grain, surrounded by a thin layer of oxides, which is then coated in a C-film. Graphitic carbon is present as a synthetic by-product as well, and likely helps to maintain conductive contact between MXene particles. The comparison between as-prepared and aged samples demonstrates that the use of MXene shortly after synthesis greatly reduces the amount of oxides and adventitious carbon present.
Discussion
Based on the totality of the results, summarized in Fig. 4 and Table 5 25 . Interestingly, if one assumes the charge of O is −2, and those of F and OH are −1, then the average net negative charges of the surface terminations -shown in brackets below the formulas in Table 4 -for the Ti-based compounds are 2.15 ± 0.2. In case of the Nb-containing MXenes, the average value is 2.9 ± 0.6. This is an important result because it suggests that the M n+1 X n surface layers have a fixed net positive charge to which the composition of surface terminations must adjust to compensate and result in a neutral structure.
Recent X-ray absorption near edge structure (XANES) measurements have shown that the Ti 3 C 2 T x spectra as quite comparable to those of TiO and that the average oxidation state of the Ti atoms was ≈2.4 [68] . Using this value -and assuming the oxidation states of the O, OH and F groups to be −2, −1 and −1, respectively -one can solve for the average oxidation states of the C atoms. Using the results shown in Table 4 , the average C oxidation state in Ti 3 C 2 T x is −2.6 ± 0.1. Why this is the favored oxidation states is not clear at this time, but is a fruitful area of research for theoreticians. Similar calculations for the other compositions must await XANES measurements to determine the average M oxidation states.
From the results shown in Fig. 4 , we conclude that the overall formulas for ag-Nb 2 CT x and ag-Nb 4 C 3 T x -in the presence of Nb 2 O 5 that is excluded from the analysis -are Nb 2 C 0.9 O 1.1 (OH) 0.6 F 0.3 and Nb 4 C 2.3 O 0.9 (OH) 0.7 F 0.7 . Comparing these two compounds, it is obvious that the number of oxygen terminations per surface Nb atom in the former is slightly higher than in the latter. Conversely, the concentration of F-terminations, per surface Nb atom, is roughly half in the former than in the latter. The OH-terminations are more or less comparable. Looking at the adsorbed water component (yellow regions in Fig. 4) , it is slightly larger in the ag-Nb 2 CT x case, compared to ag-Nb 4 C 3 T x . These results are important because they confirm that what determines the terminations of a given MXene is not just the nature of the M-element, but also the number of those layers, viz. n in M n+1 X n T x . These comments notwithstanding (and as noted above), why the average moles of terminations is >2 is unclear at this time, but could be due to the diffusion of some terminations within the C-vacancies.
Post-synthesis, the dominant surface group on most MXenes is F, viz. moiety III. This result is not surprising, given that HF is used for their production. However, another important result of this work is the instability of these F-terminations, as evidenced by the reduction in their concentrations after sputtering (Fig. 5 , and Table 5 ), and upon aging (Table 5 , and compare bars labeled ap-and ag-Ti 3 C 2 T x in Fig. 4) . The exchange of these F groups for OH as the samples age indicates that, in the presence of oxygen and/or water, the OH termination is more favored, as predicted theoretically [69] .
Based on our results it should be possible to tailor the surface terminations to suit the properties sought. For example, in some energy storage applications, OH terminations may be desirable, in others, not [69] . The fact that it is possible to tune, or control, the surface terminations is thus an important advance. For example, it was found in recent work that the replacement of F-terminations with OH groups led to an increase in the electrochemical performance of a Ti 3 C 2 T x -based supercapacitor [70] . The overall predisposition of Ti MXenes to have OH surface terminations is interesting, however, as it is the opposite of what is known for TiC and TiO 2 . TiC is known to react with water, dissociating the molecule into oxo groups [71] . Additionally, TiO 2 typically only contains ∼25% OH groups, which is less than the 39-50% observed herein for Ti 3 C 2 T x and Ti 2 CT x [43] .
Conclusions
Herein, we presented an in-depth analysis of the XPS spectra of the core levels of Ti 3 C 2 T x , Ti 2 CT x , Ti 3 CNT x , Nb 2 CT x and Nb 4 C 3 T x cold pressed, 2D multilayered flakes. Before and after Ar + sputtering, the MXene surfaces are terminated by mixtures of O, F, and OH, where a fraction of the latter are relatively strongly bonded to adsorbed H 2 O molecules. For freshly prepared samples, F is the predominant surface group. With time, the latter is gradually oxidized, leading to the formation of metal oxyfluorides and a decrease in their concentration. The MXenes, studied here, oxidize over time, as evidenced by an increase in oxygen content. Additionally, some MXenes are more prone to oxidation than others, displaying a large percentage of oxidation products when allowed to age in air.
The ap-Ti 3 C 2 T x compositions before and after sputtering were determined to be Ti 3 On the other hand, the freshly prepared Nb-based MXene chemistries, before sputtering were Nb 2 CO 0.8 (OH-H 2 O ads ) 0.5 F 0.7 and Nb 4 C 2.6 O 0.9 (OH) 0.1 (OH-H 2 O ads ) 0.9 F 0.7 .
Through this study, we were able to focus on the distribution of terminations for the various MXenes and the effect of changing several parameters such as the number of layers, M element and X element on the distribution of the terminations. In the case of Ti MXenes, changing the number of layers, n, or the X element has little effect on the fraction of F-terminations. However, both of these factors affect the ratio of the O to OH terminations: increasing n from 1 to 2 leads to an increase in the O to OH ratio, while changing 50% of the X element causes the O to OH ratio to decrease. For the Nb MXenes, the mole % of F-terminations doubles from Nb 4 C 3 T x to Nb 2 CT x . The change in the O to OH ratio for the Nb MXenes shows the opposite trend of the Ti MXenes, as n increases, that ratio decreases.
When combined, these observations should impact the choice of the MXene to use for a specific application. The usefulness of quantifying under which conditions certain functional groups will be present on MXene surfaces is a significant development that will aid the design of any chemical systems that include these exciting and promising 2D compounds.
